There is a lack of data on children environmental benzene exposure. In this study we compared personal benzene exposure and inhalation uptake in a group of children to those of their parents. We also compared levels of urinary benzene metabolites, trans,trans-muconic acid (MA) and hydroquinone (HQ), for those two groups, and assess the correlation between personal benzene exposure and urinary MA and HQ concentrations.
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ENVIRONMENTAL BENZENE EXPOSURE ASSESSMENT FOR PARENT-CHILD PAIRS IN ROUEN, FRANCE
Introduction
Environmental benzene exposure is potentially an important health concern. Benzene is an ubiquitary pollutant (Wallace, 1989) and severe adverse health effects have occurred in occupationally exposed workers (US-EPA, 1997). It is clearly established and accepted that benzene exposure can cause acute non-lymphocytic leukemia and a variety of other bloodrelated disorders in humans (US-EPA, 1997).
The evaluation of risk posed by exposure to relatively low concentrations of benzene from occupational and environmental source is an active area of research. Benzene cancer risk assessments generally rely upon observations made in occupationally exposed population.
The effect of exposure to benzene could potentially be different in children. However, there are insufficient data on differences in metabolism between adults and children for benzene (US-EPA, 1998) . Moreover, environmental benzene exposure data in children are very limited.
Children are likely to have higher benzene uptake per unit body weight than adults because of their heightened activity, as well as different ventilation volumes per time and ventilation frequency (US-EPA, 1997). Infants and children may be more vulnerable to leukemogenesis because their hematopoietic cell populations are differentiating and undergoing maturation (US-EPA, 1998). Weaver et al. (1996) conducted a pilot study to evaluate the feasibility of using trans,trans-muconic acid (MA) as a biomarker for environmental benzene exposure in urban children. In a recent study conducted on 144 children living in Italy, Amodio-Cocchieri et al. (2001) also used MA as a biomarker for environmental exposure. Measurements of benzene biomarkers, which can provide information on individual variation in absorption and 5 metabolism and, thus susceptibility to adverse health effects, appear to be useful in the case of benzene.
Our study's aim was to investigate the possibility that children are more susceptible than adults to benzene exposure. To minimize the impact of genetic and lifestyle differences, we (A) compared the personal benzene exposure and inhalation uptake in a group of children to those of their parents after performing personal, indoor and outdoor measurements. We also (B) compared levels of urinary MA and hydroquinone (HQ), another benzene metabolite, for those two groups. Moreover, we (C) examined the correlation between personal benzene exposure and urinary MA and HQ concentrations. 
Materials and methods
Study design
Study participants were recruited from the three largest public day care centers of the town of Rouen in France (each frequented by more than 60 children). A letter of solicitation had been sent by the director of each day care center to families meeting to certain criteria. The targeted population was non-smoking parents of "clean" children (needing no diapers), 2 to 3 years old. Father, mother or both were invited to participate with their children(s) in the study. Of the 50 families that were invited, 43 members of 20 families participated (individual written consents were collected) in the survey: twenty-one children (16 females and 5 males) and 22
non-smoking parents (17 mothers and 5 fathers). Their distribution within day care centers is given in the Table 1 . Day care center B had 3 independent sections (sections 1, 2 and 3).
The measurement campaigns were conducted over the working week (Monday morning to Friday evening) (Table 1) . Two urine samples were collected per day, one in the morning (between 7:00 and 10:00), the other in the evening (between 18:00 and 21:00). They were stored at -20°C until analysis.
In order to evaluate benzene exposure of the subjects, indoor measurements were carried out in parents and children's bedrooms and in the day care centers. Passive samplers used for indoor monitoring were attached to ad hoc supports, 1.5 m above the floor level. To measure background levels around the day care centers, outdoor monitoring was conducted in the front of the centers by placing samplers inside purpose-built aluminum shelters, attached at a height of 3 m. Each parent also carried one personal sampler within his/her breathing zone. This personal sampler was left open during the night in the bedroom according to a method previously described (Gonzalez-Flesca et al., 2000 (Bates et al., 1997) .
MA concentrations in urine
A high-performance liquid chromatography (HPLC) method adapted from that of Ducos et al. (1990) and Lee et al. (1993a) was used. Two ml of urine sample were adjusted to pH 4.5-5.7
with concentrated HCL and then applied on a Bond Elut extraction cartridge filled with 500 mg of SAX sorbent (Varian, France) (preconditioned with 3 ml of acetonitrile and 3 ml of distilled water) at a flow rate of 0.5 ml/min using a Rapid-Trace automatic peristaltic pump from Zymarck (France). After the addition of urine, the cartridge was washed 3 times with 3 ml of 1 % acetic acid at 2 ml/min, 5 ml of distilled water at 20 ml/min, and 5 ml of acetonitrile at 20 ml/min. MA was finally eluated with 4 ml of 10 % acetic acid at 0.5 ml/min.
Twenty microliters of this eluate was injected in the chromatograph for analysis (Varian 9012
equipped with an UV detector 9050). The HPLC column was a SAX C18 5 µm (25 cm 4.6 mm) analytical column. Chromatography was isocratic in a mobile phase consisting of glacial acetic acid, 1 M sodium acetate, and methanol (4.5/1.8/100 ml) q.s.f. 1000 ml of water at pH 3.0 at a flow rate of 1.5 ml/min. UV detection of MA was performed at a wavelength of 265 nm. All chemicals and water used were HPLC grade (Aldrich, France). MA stock, working 9 standard solutions, and calibration curves were obtained according to Ducos et al. (1990) . The MA detection limit, obtained from spiked urine calibration curves, was 20 µg/l.
HQ concentrations in urine
Urinary HQ was measured according to the method described by Lee et al. (1993b) with minor modifications. Briefly, a 1 ml urine sample (previously adjusted to pH 4.5-5.3) was hydrolyzed with 0.1 ml of concentrated hydrochloric acid at 100°C for 120 min. Following cooling to room temperature, the sample was extracted with 2 ml of diethyl ether. Twenty microliters of the extract were then injected in the chromatograph (Varian 9012 equipped with a fluorometric detector 9070 and an ODS 5 µm n° 241 analytical column) with fluorimetric detection ( ex 304 nm -em 338 nm). The HQ detection limit was 20 µg/l.
Creatinine concentrations in urine
Creatinine was measured using the Unimate Kit (Roche, France). Absorbance was measured in a Cobas spectrophotometer (Roche, France). The results were used to correct MA and HQ concentrations for urine dilution and expressed as micrograms of MA or HQ per gram of creatinine .
Computation of children personal exposure
As it was impractical to equip the children with passive samplers, we estimated the personal exposure of the children by computing the time-weighted average of the bedroom, day care center and outdoors benzene concentrations for each child. We assumed the average time spent at home, in the day care center, and outdoors to be 15, 8, and 1 hour respectively..
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Calculations were therefore carried out as follows:
Personal exposure = (measured bedroom concentration x 15/24) + (mean concentration inside the day care center x 8/24) + (mean concentration outside of the day care center x 1/24).
Computation of subjects benzene inhalation uptake
We estimated personal benzene inhalation uptake for each subject as the product of average daily inhalation rate by personal benzene exposure. We assumed the daily inhalation rate for a male child (0.5 -< 3 years; mean body weight = 14 kg), a female child (0.5 -<3 years; mean body weight = 11 kg), a male adult (30 -< 60 years; mean body weight = 80 kg) and a female adult (30 -< 60 years; mean body weight = 68 kg) to be 0.52, 0.51, and 0.2, 0.16 m 3 /kg-day, respectively (US-EPA, 1997).
Statistical analysis
Descriptive statistics, mean differences, and regression lines were calculated using Statistica 5.5 software (Statsoft, Inc., 1997). All statistical tests and correlation analyses corrected the highly skewed distributions of the measured concentrations by natural logarithmic transformation. Values below the limit of detection (LD) were set at half its level for data analysis.
Mean differences between groups (Children vs. Parents) were evaluated using paired t-test.
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Results
Objective A. Comparison of the personal benzene exposure and inhalation uptake
The box-plot in Figure 1 summarizes the distribution (min., lower quartile, median, upper quartile and maximum) of benzene concentrations in parents and children bedrooms, as well as of their personal exposures. There were no significant differences between the parent's and children's bedrooms concentrations (9.1 6.2 vs. 10.9 7.2; p = 0.16) whereas the personal exposure of the parents were higher than their bedroom concentrations (14.4 7.7 vs. 9.1 6.2; p < 0.002). The mean calculated personal exposure of the children was (11.09 6.15 µg/m 3 ) significantly lower than the parent's personal exposure (p = 0.04). Table 2 shows the mean indoor and outdoor concentrations of the day care centers. Despite a higher exposure of the parents, the mean of the estimated benzene inhalation uptake for children was higher than for parents: 5.68 3.17 µg/kg-day vs. 2.51 1.23 µg/kg-day (p < 0.0001).
Objective B. Comparison of urinary MA and HQ levels
The urinary MA and HQ concentrations, with and without creatinine adjustment, are shown in and creatinine (g/l) in the group of parents were 1.7-, 1.5-, and 2.6-fold higher than the mean concentration of these compounds in the group of children. On the other hand, the mean values of MA and HQ normalized against creatinine (mg/g creatinine) were 1.6-and 1.8-fold higher in the group of children than in the group of parents. The differences in the mean concentrations of MA and HQ (mg/g creatinine) between children and parents were significant in all cases (Table 3) . ANOVA analyses (un-paired) of the simultaneous impact of three factors: age, sex and time of examination, on MA concentrations in urine indicated no significant effect of these variables. HQ levels were only significantly influenced by age (p = 0.024) (Figure 2 ). The points in Figure 2 correspond to arithmetic means of log transformed values of HQ.
Objective C. Correlation between exposure and urinary metabolite levels
No statistically significant correlations were found between benzene exposure means and urinary metabolites levels. In the group of parents, benzene personal exposure was most correlated with Friday evening urinary MA and HQ concentrations, r = 0.54 (n=16) and r = 0.65 (n = 16), respectively. The lowest correlation was obtained for Monday evening, r = 0.05 (n=16) and r = 0.09 (n = 16), respectively. In the group of children, calculated benzene personal exposure was most correlated with the average urinary MA concentration, r = 0.51
Other r values with daily samples were between 0.03 and 0.38. Lower correlations were found between calculated benzene personal exposure and urinary HQ concentrations.
For the group of parents and children, uptake was similarly uncorrelated to MA and HQ levels (exposure and uptake are linearly related by the inhalation rate factor). 
Discussion
Our atmospheric measurements show that the personal exposure of adults is generally higher (14.4 7.7 µg/m 3 ) than indoor and outdoor benzene levels (9.1 6.2 µg/m 3 ; 3.5 0.3 µg/m 3 ).
Since it was not possible to equip young children with personal samplers, we estimated their personal exposure on the basis of time-weighted average concentrations. This estimated exposure (11.09 6.15 µg/m 3 ) is significantly lower than the measured exposure of the parents. Children's exposure may be underestimated because microenvironments like inside cars, smoky places, etc, have relatively high benzene concentrations and could not be taken into account (Gonzalez-Flesca et al., 2000) . However, the children of our study are very young and their activity patterns are less varied than their parent's. Raaschou-Nielsen et al. Table 2 ). In that area the level was 35.5 µg/m 3 versus a next highest level of only 11.1 µg/m 3 in center B, section 2. This is probably due to repair and maintenance work (painting, new floor materials…) that took place within 2 months before our measurements. At the request of the day care center B, control measurements made one-year later showed benzene levels close to those of day care centers A and C.
Comparison with studies in children and adults not occupationally exposed shows that our MA results are generally higher than the means reported for adults (Dor et al., 1999; Scherer et al., 1998) and children (Amodio-Cocchieri et al., 2001; Weaver et al., 1996) . Several reasons for these high values are possible. Misidentification of MA and HQ is unlikely since both retention time and UV absorbance by diode array detection were used for HPLC 14 confirmation. However, ingestion of foods containing sorbic acid-based preservatives has the potential to increase MA excretion so significantly that MA may not be a sensitive biomarker for environmental benzene exposures. Weaver et al. (2000) found that ingestion of refrigerated flavored drinks and sweet snack foods resulted in the excretion of large amounts of MA in adults and children. An average MA peak of 0.45 mg/g creatinine was found in five adults after ingestion of a flavored drink and a mean of 0.67 mg/g creatinine was found in 6 adults after ingestion of a cupcake. Several other studies have addressed the potential effect of sorbic acid on MA specificity (Ducos et al., 1990; Pezzagno et al., 1997; Pezzagno et al., 1999; Renner et al., 1999; Ruppert et al., 1997) . Ingestion of different amounts of sorbic acid (200-600 mg) can result in an increase of MA levels (in spot or 24h urine samples) from a baseline below the limit of detection to 90-fold greater MA level. Ingestion of preserved food varies from one country to another. Therefore, it is likely that sorbic acid ingestion is a factor in the variable correlation between MA and benzene exposure measurements reported in the literature. Some authors have found significant correlations between benzene in air and MA levels in 24 non-smoking bicyclists (Bergamaschi et al., 1999) . Others, however, have not found significant correlations, at occupational exposure levels lower than 0.25 ppm (Gobba et al., 1997; Ong et al., 1996) . In addition, several authors have reported the occasional observation of unexpectedly high MA levels in non-occupationally exposed control subjects (Gobba et al., 1997; Isabell et al., 1999; Johnson et al., 1992; Qu et al., 2000; Weaver et al., 1996) . The French mean daily intake of sorbic acid and its salts was estimated at 2.63 mg/kgday which corresponds to 184 mg/day ingestion for a 70 kg adult (Verger et al., 1998) .
In our study, benzene personal exposures were not significantly correlated with urinary MA
concentrations. This suggests that in the absence of a measure or control of sorbic acid intake, urinary MA is not a reliable biomarker for benzene exposure (Sanguinetti et al., 2001 ).
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Our HQ mean concentrations were also higher than the mean concentrations observed in occupationally exposed adults (Lee et al., 1993b; Ong, C. N. et al., 1994; Rothman et al., 1998) . Relatively few studies have been conducted to examine the relation between urinary HQ and benzene exposure since the common ingestion of dietary phenol contributes to the urinary excretion of HQ (DeCaprio, 1999) . However, a better correlation between HQ and benzene exposure (< 0.25 ppm) than between MA and benzene exposure was observed in occupationally exposed subjects (r = 0.44, p < 0.01 and r = 0.14, p < 0.05, respectively) (Ong et al., 1996) . The inter-individual variability of our HQ concentrations was lower than those of MA (from 13 to 144 % vs. 63 to 232 %, respectively).
HQ levels were also significantly influenced by the age (Figure 2 ). In the absence of control or precise estimation of confounding factors (sorbic acid ingestion, intake of food-borne phenolic compounds…), MA and HQ do not appear to be specific marker of low benzene exposures.
Despite these concerns about the sensitivity of MA and HQ as environmental benzene biomarkers, our results show that the creatinine adjusted levels of MA and HQ were higher in the urine of children than in that of parents (Table 3) . It is common practice to adjust the analytical values determined in spot samples of urine with creatinine concentration in order to correct for varying dilution of urine (Araki et al., 1986; Greenberg et al., 1989; Ong et al., 1996) . Dilution of urine fluctuates considerably in a given subject during the day, especially after ingestion of liquids or sweating. Weaver et al. (1996) observed that the creatinine urine levels were significantly lower in nondetectable MA urine samples. Creatinine adjustment therefore removes potentially significant source of bias and variation in urine concentration of MA and HQ. However, a strong correlation exists between creatinine elimination rate and body mass (Boeniger et al., 1993) . Because of this, benzene metabolite concentrations in urine 16 are higher in adults than in children when unadjusted for creatinine, while the inverse is found with creatinine-adjusted concentration. This apparent paradox is explained away when one realizes that concentration values expressed as mg/g of creatinine approximate values expressed as mg/kg of body mass which is a better measure of internal exposure. Therefore, adults in our study, because of their high total benzene uptake, excrete more benzene metabolites per unit time. However, internal exposure of the children to benzene or its metabolites, when assessed by unit of body mass, is higher than that of their parents. Children might metabolize a higher proportion of benzene to MA and HQ than adults. It is also possible as discussed by Gobba et al. (1997) that there may exist in the general population "poor MA metabolizers" and "efficient MA metabolizers". In addition, children in our study have a higher benzene uptake per unit of body mass than adults. Benzene inhalation uptake per kg was twice higher in our group of children than in our group of parents.
The mechanism(s) of leukemia induction by benzene are not yet fully understood. Unlike benzene exposure, administration of phenol, a major metabolite of benzene, to rats does not induce hematotoxicity (US-EPA 1998), whereas Witz et al. (1996) have demonstrated that trans, trans-muconaldehyde, a precursor of MA, is myelotoxic in mice. It has been hypothesized that combinations of hydroquinone and phenol, or muconaldehyde and hydroquinone, may be involved leukemogenesis (Eastmond et al., 1987) . This could apply to benzene induced leukemia but could also be the basis for a link between leukemia and dietary factors (McDonald et al., 2001) . We found that children excrete relatively higher levels of MA and HQ (when expressed in mg/g creatinine) than adults. Therefore, they may be at relatively higher risk of developing leukemia, independently of benzene exposure. 
